We have cloned and sequenced a full-length cDNA for the HMG box-containing, S/?V-related gene Sox6 from mouse. The deduced protein sequence of Sox6 has considerable homology with that of the previously determined Sox5 sequence. It seems likely that these genes have diverged more recently than other members of the SOX gene family, although the two genes map to different chromosomes in the mouse. In common with Sox5, Sox6 is highly expressed in the adult mouse testis and the HMG domains of both proteins bind to the sequence 5'-AACAAT-3'. This suggests that the two genes may have overlapping functions in the regulation of gene expression during spermatogenesis in the adult mouse. However, Sox6 may have an additional role in the mouse embryo, where it is specifically expressed in the developing nervous system.
INTRODUCTION
DNA-protein interactions are involved in many of the fundamental processes that occur inside cells, including replication of the genome, repair of damaged DNA and transcription of active genes. Several families of DNA binding proteins have been implicated in the developmental control of gene expression (1) . The Y chromosome gene SRY is the developmental switch gene responsible for inducing testis differentiation in mammals (2, 3) . A distinctive feature of the SRY protein is the presence of an HMG domain, a structural protein motif shared by a growing family of diverse eukaryotic DNA binding proteins (4) . The SRY HMG domain has been shown to bind to specific DNA sequences (5, 6) and mutations in this domain that abolish its ability to bind DNA have been found associated with cases of sex-reversal in humans (7) . The importance of this domain is further confirmed by comparisons of the SRY sequences from several primates and marsupials: the HMG domain appears to be the only conserved region of the protein (8, 9) . SRY is thought to function by controlling the transcription of genes, as yet unidentified, which act downstream in the sex determining pathway. However, the apparent absence of conserved sequences additional to the HMG domain suggests that SRY is not a 'classical' transcription factor with a separable transactivation domain. Interaction of SRY with specific DNA sequences induces a significant bend in the bound DNA (10, 11) ; moreover, one case of sex reversal associated with an SRY mutation appears to derive from the anomalous DNA bending activity of mutant protein (12) . These observations suggest that SRY belongs to a growing class of transcription factors that perform architectural roles in the assembly of stereospecific nucleoprotein complexes which are essential for correct gene expression (13) .
SRY is the founder member of a family of genes related by sequence homology within the HMG domain; SOX ('SRY box') genes encode proteins with >60% similarity to the SRY HMG domain. At least 40 different SOX loci have been reported in mammals, birds, reptiles, amphibians and insects (14 and references therein). However, only a few of the SOX genes have been characterized in any detail. These studies suggest that SOX genes, like SRY, have regulatory roles in developmental pathways; for example, in the developing nervous system (Sox-1, -2, -3; 15); in T-cell differentiation (Sox4; 16) and in bone formation and gonadogenesis (SOX9; [17] [18] [19] .
Understanding the roles of the S#y-related genes may provide further insights into how SRY functions and into the molecular mechanisms underlying the initiation and maintenance of developmental decisions in general. We have previously described the Sry-related gene Sox5 (20, 21) . Sox5 is expressed exclusively in post-meiotic germ cells of adult mouse testis, predominantly in the nucleus. Consistent with this location, Sox5 is a DNA binding protein with a moderately high affinity for the sequence 5'-AACAAT-3'. The function of Sox5 in vivo is still unclear, but these results are consistent with a role in regulating gene expression during the post-meiotic phase of spermatogenesis. Sox5 is apparently unable to activate transcription from a minimal promoter linked to single or multimerized Sox5 binding sites but, in common with SRY, Sox5 induces a large bend in the double helix upon DNA binding, due primarily to the presence of the HMG domain (20, 21) . These observations imply that Sox5 may function as an architectural transcription factor.
In addition to Sox5, a second distinct 5ry-related gene, Sox6, was isolated from adult mouse testis (22) . The original Sox6 clone was restricted to the HMG box and over this region Sox5 and Sox6 are closely related (91 % amino acid identity). Here we report the isolation of the full length cDNA sequence of Sox6 and show that the homology with Sox5 extends beyond the HMG domain. We show that both genes are highly expressed in the adult mouse testis and bind similar DNA sequences. However the Sox6 gene is also expressed in the developing nervous system, suggesting an additional function for this gene in the mouse.
MATERIALS AND METHODS

Northern hybridization
Poly(A) + RNAs were prepared from adult male MF1 mouse tissues using the FastTrack mRNA Isolation kit (Invitrogen). RNA samples of 1 ug were separated on a 1 % agarose/1 x MOPS gel containing 6% formaldehyde. RNA markers (0.24-9.5 kb RNA ladder; BRL) were loaded alongside. RNA was then capillary blotted and UV-immobilized onto Hybond N + membrane (Amersham), according to manufacturer's instructions. A mouse Sox6 cDNA probe was prepared from p8304 by 32 P-labelling the 1.5 kb Accl restriction fragment (nucleotides 460-1992), which comprises sequence at the 5' end of the cDNA but excluding the HMG box, using the Prime It II Random Primer Labelling kit (Stratagene). The Northern blot was hybridized to this probe using Rapid-Hyb buffer (Amersham), according to manufacturer's instructions.
Screening cDNA libraries and DNA sequencing
A Sox6 cDNA clone, pD602, was recovered from a screen of an adult mouse testis cDNA library with a mixed probe consisting of Sox5 and Sox6 HMG box fragments (22) . This partial Sox6 cDNA fragment was used to screen a second amplified adult mouse testis cDNA library in XZAP (Stratagene) (a gift of K. Willison). One full length Sox6 cDNA clone was isolated and the insert sequenced using either the Sequenase DNA Sequencing kit (Version 2.0; USB Corporation) or the Tag DyeDeoxy™ Terminator Cycle Sequencing kit and the 373A DNA Sequencer (Applied Biosystems). A combination of specific oligonucleotide primers and various deletion templates generated by subcloning specific restriction fragments was used to obtain the sequence of both strands.
Genetic mapping
The European Collaborative Interspecific Backcross (EUCIB; 23) was used to map the Sox6 gene in the mouse genome. The segregation of the C57BL/6 and Mas spretus (EUCIB parental species) Sox6 alleles was followed by single stranded conformation polymorphism (SSCP) gel analysis of PCR products. Genomic DNAs from the backcross parental species and from 46 randomly chosen samples from the backcross were amplified by PCR using the Sox6 specific primers 800 (5'-AATCTGTCTCA-CACGTTA-CG-3') and 801 (5'-CCTGTCAGTGCCAACT-GAGG-3')-Oligonucleotide 801 was 5' end labelled using T4 polynucleotide kinase and [y- 
In situ hybridization
Antisense and sense RNA probes were prepared from subclones of Sox6 cDNA 3' to the HMG box but not containing any HMG box, polyadenine or Sox5 homologous sequences (nucleotides 2319-2906, GenBank/EMBL accession no. U32614). Hybridizations were carried out essentially as described by Wilkinson and Nieto (24) with minor modifications (25) .
Expression of Sox6 in E.coli
Nucleotides 2007-2318 of the mouse Sox6 cDNA, encoding amino acid residues 612-715 including the HMG domain, were excised as a SaclUNrul restriction fragment, blunt ended and subcloned into the Smal site of the expression vector pGEX-3T (26) . GST-fusion protein was expressed in BL21(DE3)pLysS host bacteria (27) and purified using glutathione-sepharose beads (26) . The protein was >90% pure, as determined by Coomassie blue staining of SDS-polyacrylamide gels.
Electrophoretic mobility shift assays
Electrophoretic mobility shift assays (EMSA) were performed essentially as described previously (20) . Briefly, 1 ng of purified GST-fusion protein was pre-incubated in a final 15 |il volume of EMSA binding buffer (10 mM HEPES pH 7.9, 60 mM KC1, 1 mM DDT, 1 mM EDTA, 0.3 mg/ml BSA, 12% glycerol) with appropriate competitor DNA for 5 min at room temperature. Then 10 fmol (~ 35 000 c.p.m.) of 32 P-labelled, annealed oligonucleotides were added and incubated for a further 20 min at room temperature. The reactions were electrophoresed on non-denaturing 4% polyacrylamide gels in 0.5 x TBE buffer at room temperature at 10 V/cm for 90 min. Gels were dried prior to autoradiography.
The sequences of the probes and competitors ('top' strand of double-stranded oligonucleotides) are: BS12 5'-TCGAGCAC-TAAAACAATTCAAGCCCGGGG-3' (20); MW56 5'-GGGA-GACTGAGAACAAAGCGCTCTCACAC-3' (28); NF1 5' -CG-CATTTGGCAGCTTGCCAAGGATCCTTGGCAGCTTGCC-AAG-3' (gift of R. Nicolas). The BS12 double stranded oligonucleotide probe was labelled using the Klenow fragment of DNA polymerase I and [ 32 P]dCTP.
RESULTS
Isolation of cDNAs encoding Sox6, a novel Sry-related gene
An RT-PCR fragment derived from the HMG box of mouse Sox6 (22) was used to screen an adult mouse testis cDNA library and several clones were isolated. The longest cDNA was sequenced on both strands and the sequence has been deposited in the GenBank/EMBL database (accession no. U32614). The Sox6 cDNA contains an open reading frame that encodes an 827 amino acid protein. An in frame termination codon is present nine nucleotides upstream of the putative initiating methionine (data not shown) providing strong evidence that we have isolated a full-length cDNA clone for Sox6. The deduced amino acid sequence of Sox6 is shown in Figure 1 A. The predicted molecular weight of this protein is 91.8 kDa, an estimate that is supported by the production of an in vitro translated protein from the Sox6 cDN A of -105 kDa (data not shown). The end of the coding sequence is followed by 251 bp of 3' untranslated sequence and then a stretch of adenosine residues. A canonical polyadenylation signal (AAT-AAA) was not identified, however, an alternative (ATTAAA) is present 20 bp upstream of the polyadenosine tract (data not shown).
Sox6 contains a single HMG box and no other obvious DNA binding motifs. There is one nucleotide difference within the HMG box between this cDNA and the original PCR clone of Sox6 (22) which gives rise to a conservative difference at amino acid residue 632, from a lysine to an arginine. This difference is probably the result of a polymorphism between mouse strains. Comparison of the predicted amino acid sequence of the Sox6 HMG domain with other HMG domains clearly shows that Sox6 is a member of the Sry-related family (Fig. IB) . On the basis of HMG domain sequence, the mouse Sox genes can be classified into subgroups (29) ; Sox6 is part of the distinct subgroup D containing Sox5 and Soxl3. Another notable feature of the Sox6 protein is a region (residues 184-205) to the N-terminal side of the HMG domain in which a leucine (indicated by asterisks in Fig.  1A ) is repeated every seven residues. Such 'heptad repeats' are found in the leucine zipper dimerization motif of the bZIP family of transcription factors (30) . Further features of the predicted Sox6 protein include two regions (residues 190-261 and 493-517), also on the N-terminal side of the HMG domain, that are rich in glutamine residues (33 and 32% respectively). The sequence between these glutamine-rich regions contains two short polyalanine stretches of 6 and 5 residues.
The complete coding sequences for a few mouse Sox genes are known. Outside the HMG domain, Sox6 does not show any significant similarity at amino acid level to Sry, Sox-1, -2, -3, -4, or -9 (16,19,31; R. Lovell-Badge, pers. comm.). However, a comparison of the translated full-length cDNA sequences of Sox5 and Sox6 reveals a similarity extending beyond the HMG domain (Fig. 1A) . This strongly suggests that Sox5 and Sox6 have diverged more recently than the other known members of the Sox gene family. Database searches using Sox6 excluding the HMG box detect no other closely related sequences, at either the nucleotide (EMBL and GenBank databases) or protein level (Swiss-Prot database).
Sox6 and Sox5 map to different mouse chromosomes
The high degree of homology between Sox5 and Sox6 strongly suggests that they have descended from a single ancestral gene through a duplication event. It was, therefore, of interest to compare the chromosomal location of Sox6 with that of Sox5. The Sox6 gene was mapped by interspecific mouse backcross pedigree analysis using the EUCIB (23) . PCR-SSCP analysis defined a variant in the Sox6 gene between the backcross parental species C57BL/6 and Mus spretus. This variant was used to follow the segregation of C57BL/6 and Mus spretus Sox6 alleles in 46 randomly chosen EUCIB backcross mice. Analysis of the haplotypes placed the Sox6 gene on mouse chromosome 7, linked to the anchor loci D7MM0 (one recombinant; 2.17 + 2.15 cM) and D7MU15 (11 recombinants; 23.91 ± 6.29 cM; Fig. 2 ). The Sox5 gene has been mapped previously to mouse chromosome 6 (P.D. and A.A., manuscript in preparation). Hybridization of a Southern blot of mouse genomic DNA with a probe corresponding to the 3' untranslated region of mouse genomic Sox6 gave a single band (not shown), suggesting that there is a single mouse gene closely related to the Sox6 cDNA clone. Sox6 does not map close to any mutations mapped to chromosome 7 for which it is an obvious candidate.
Sox6 mRNA is highly expressed in adult mouse testis
Expression of the Sox6 gene in the adult mouse was analysed by hybridization of a Sox6 probe to a Northern blot of poly(A) + RNAs isolated from several mouse tissues. This demonstrated that among the adult mouse tissues analysed Sox6 expression, like Sox5, appears to be restricted to the testis. A single transcript of 3.2 kb was detected in adult testis (Fig. 3) . Prolonged exposure of the autoradiogram failed to reveal hybridizing species of the same size as in testis, although in some tissues some faint hybridization to high molecular weight transcripts was seen (data not shown). Integrity of the mRNA was checked by re-hybridization of the blot with a mouse GAPDH probe (Fig. 3) .
Sox6 mRNA is expressed in the developing nervous system of the mouse Wholemount in situ hybridization was used to study the expression of Sox6 during mouse embryo development. A profile of Sox6 expression was observed that was specific to the development of the nervous system (Fig. 4) . At 9.5 days post coitum (dpc), expression was seen in the central nervous system (CNS), with highest levels in the forebrain gradually decreasing in a rostrocaudal gradient to a region posterior to the forelimb bud, beyond which expression ceased. This pattern of expression was maintained at 10.5 dpc, but the caudal boundary of expression had regressed anteriorly to a point in the upper cervical region. At both stages expression was confined to the ventricular cells of the brain and spinal cord, and extended into the optic evaginations. No dorsoventral gradient of expression was visible. No expression was seen in the surface ectoderm or mesoderm overlying these CNS components. In addition to expression in the CNS, Sox6 expression in the neural component of the developing ears was observed at 9.5 and 10.5 dpc. No sites of expression were visible elsewhere in the embryo. By 12.5 dpc, expression was extinguished in the brain and only weak expression remained in the spinal cord (data not shown).
Sequence specific DNA binding by the Sox6 HMG domain
Where tested, the HMG domain of Sox proteins has been shown to confer the ability to bind DNA sequence specifically. In vitro site selection assays have been used to define the consensus motif 5' AACAAT 3' as a preferred binding site for Sox5 (20) and SRY (6) . Sox-1, -2 and -3 will also bind to this site in EMS As (R. Lovell-Badge, pers. comm.). Sox4 interacts with high affinity to a similar element, 5'-AACAAAG-3' (16).
As a preliminary study of the interaction of Sox6 with DNA, Sox6 protein was analysed for its ability to bind to the 5'-AACAAT-3' motif. The isolated Sox6 HMG domain was expressed in E.coli as a fusion protein with glutathione-5-transferase. The fusion protein was used in EMSAs with the radiolabelled doublestranded oligonucleotide BS12. The Sox6 HMG domain indeed bound to this 5'-AACAAT-3'-containing probe (Fig. 5) . The specificity of the interaction was tested by comparing the effect of adding various unlabelled oligonucleotides to the binding reaction. Complexes formed with the B S12 probe were competed efficiently by BS12 but poorly by an irrelevant control oligonucleotide, NF1. The MW56 oligonucleotide, which contains the 5'-AACAAAG-3' sequence, showed competition characteristics similar to those obtained using the 5'-AACAAT-3'-containing oligonucleotide BS12. These results mirror those seen using recombinant Sox5 protein (20) , suggesting that the two HMG domains have similar binding specificities.
DISCUSSION
Since the discovery of the mammalian testis determining gene SRY, an expanding family of genes that encode proteins with related HMG domains have been identified. We have characterized a novel member of this gene family, Sox6. On the basis of the sequence of its HMG box, Sox6 can be classified, together with Sox5 and Soxl3, as a member of the D subgroup of mouse Sry-related genes (29) . Full-length cDNA sequences are now known for both Sox6 and Sox5. Comparison of the translated sequences reveals considerable homology between the two extending beyond the HMG domain (Fig. 1A) . Similarly, alignment of sequences of the Sox proteins belonging to the B subfamily has revealed conserved domains outside the HMG domain (32) . The extensive sequence homology between Sox5 and Sox6 strongly implies that they have diverged more recently than the other members of the SOX gene family. However, genetic mapping places the genes on different mouse chromosomes: Sox6 is on chromosome 7, while Sox5 is located on chromosome 6.
One major difference between Sox5 and Sox6 is the size of their predicted encoded proteins; the Sox6 protein is predicted to be approximately twice the size of Sox5. Endogenous Sox5 protein detected by immunoblot analysis of protein extracted from mouse testis cells using anti-Sox5 peptide antibody is 52 kDa, similar to the size estimated from its cDNA sequence (20) . The Sox6 start codon was chosen on the basis of the largest open reading frame and the use of the first methionine encoded by the Sox6 cDNA sequence. This estimate is supported by the production of an in vitro translated protein from the Sox6 cDNA of -105 kDa (data not shown). Nevertheless, confirmation of the functional initiator codon awaits analysis of the Sox6 protein using specific antibody reagents.
The predicted Sox6 protein shows several hallmarks of a regulatory transcription factor. These include the DNA binding HMG domain. Immediately C-terminal to the 71 amino acid residue 'minimal' HMG domain is a short stretch of primarily basic residues. Such regions can be recognized in many of the TCF/MATA/SOX subfamily of HMG domain proteins. In particular, these basic residues have been shown to be required for high affinity binding of human LEF to its specific site (33) . Sox6 also possesses regions that are similar in character to transcriptional activation domains defined in RNA polymerase II transcription factors. These include glutamine-rich, proline-rich and acidic stretches; such domains can act as transactivation domains (e.g. [34] [35] [36] . Proline-and acidic-rich regions are also found in Sox5 in similar positions relative to the HMG domain. In common with Soxl and Sox3, Sox6 contains short stretches of alanine residues and alanine-rich regions have been noted in homeodomain proteins that act as transcriptional repressors (e.g. 37) .
A potentially interesting feature of the predicted Sox6 protein is the presence of a sequence motif associated with a dimerization domain. A 21 amino acid region to the N-terminal side of the HMG domain contains a leucine repeated every seven residues. Such 'heptad repeats' are reminiscent of the leucine zipper motif of the bZIP family of transcription factors (30) . These proteins bind to DNA as homo-or hetero-dimers between compatible family members. The leucine zipper region forms the dimerization interface that serves to juxtapose the adjacent basic DNA binding regions of each protein. Bona fide leucine zipper dimerization domains form a parallel, two-stranded, oc-helical coiled-coil structure (38) . The leucine heptad repeat in Sox6 does not appear (data not shown) to be similarly composed of an oc-helix that can form a coiled-coil, as shown by analysis of the Sox6 protein using an a-helical coiled-coil prediction program ('stripe', a gift of A. Knight), based on the algorithm described by Lupas and coworkers (39) . Further work is required to determine whether the potential leucine zipper sequnce in Sox6 is functional.
Sox5 and Sox6 are not only similar in terms of sequence but also appear to have other properties in common. Their HMG domains show identical DNA binding characteristics in vitro. In the EMSA, the HMG domain of Sox6 binds specifically to oligonucleotides containing the sequence 5'-AACAAT-3'. This sequence was defined as the preferred binding site of Sox5 in in vitro oligonucleotide binding assays (20) . Similar to the behaviour of Sox5 in competitive EMS As, the Sox6 HMG domain will also bind to oligonucleotides containing the related sequence 5'-AAC-AAAG-3'. This is not unexpected as, where tested, HMG domain proteins belonging to the TCF/MATA/SOX subfamily all appear to bind in vitro to similar DNA sequences containing a central CA/TG dinucleotide pair often flanked by A/T rich sequence. This is in spite of only a low level of sequence conservation between members (4).
High levels of transcripts from both the Sox5 and Sox6 genes have been detected in the adult mouse testis, as shown by Northern blot hybridization (20; Fig. 3 ). Immunoblot analysis has revealed that Sox5 protein is restricted to the post-meiotic germ cells, being found at highest levels in the round spermatids (20) . The presence of Sox5 protein suggests that this expression is not simply promiscuous gene transcription which is seen for many genes in the testis. Further work is necessary to determine whether Sox6 RNA is present in the same cell type as that of Sox5 and to confirm the presence of Sox6 protein. However, if this is the case it is possible that either the proteins have degenerate functions or that they act synergistically or cooperatively.
Aside from any function in the adult testis, Sox6 appears to have a role in the developing CNS, where a striking pattern of expression in anterior but not posterior structures was observed. Further, a stage-specific role in anterior CNS development is indicated by the extinction of Sox6 expression by 12.5 dpc and the lack of Sox6 expression in the adult brain. The expression profile, combined with the ability of Sox6 protein to bind to specific DNA motifs and its potential to act as a transcriptional activator/repressor, suggests that Sox6 may act as a regulator of pattern formation in the CNS. In this regard there are obvious contrasts with the expression of Hox, Pax, Evx-1 and engrailed genes, which are expressed caudally from specific points in the developing CNS (40) . Hox gene expression is initiated at the posterior end of the neural tube at 8.0-8.5 dpc, and extends forward so that the anterior limits of expression correspond with rhombomere boundaries in the hindbrain at 9.5 dpc (41,42). Different Hox genes have different anterior boundaries of expression, which has led to speculation that the specific combination of Hox genes expressed at any given point along the rostrocaudal axis is responsible for providing positional signalling that leads to segment identity in the hindbrain region of the CNS (43) . This theory is supported by observations that induced gain-and loss-of function mutations involving mouse Hox genes lead to altered segment identity phenotypes in neural crest derivatives (44, 45) . Given the complementary patterns of expression of Sox6 and Hox genes in the CNS, it is possible that Sox6 regulates or is regulated by one or more Hox genes. Alternatively, Sox6 may be independently regulated and add further complexity to the so-called Hox code in generating positional information in the CNS. It will be of interest to examine the expression of Sox6 expression at earlier stages than those examined in the present study. Interestingly, some Hox genes (46) are also expressed in the developing nervous system and later in the adult testis. Previous work (P.D. and R. Lovell-Badge, pers. comm.) suggested that, in contrast to Sox6, Sox5 is expressed specifically in the adult testis. This suggests that embryonic CNS expression has been acquired by the Sox6 gene or lost by the Sox5 gene and it will be interesting to compare the structures of the promoters of the two genes.
